Microbial fuel cell (MFC) is a novel technology for landfill leachate treatment with simultaneous electric power generation. In recent years, more and more modern landfills are operating as bioreactors to shorten the time required for landfill stabilization and improve the leachate quality. For landfills to operate as biofilters, leachate is recirculated back to the landfill, during which time the organics of the leachate can be decomposed. Continuous recirculation typically results in evolving leachate quality, which chronologically corresponds to evolution stages such as hydrolysis, acidogenesis, acetogenesis, methanogenesis, and maturation. In this research, variable power generation (160 to 230 mW m ˗2 ) by MFC was observed when leachate of various evolutionary stages was used as the feed. The power density followed a Monod-type kinetic model with the chemical oxygen demand (COD) equivalent of the volatile fatty acids (VFAs) (p < 0.001). The coulombic efficiency decreased from 20% to 14% as the leachate evolved towards maturation. The maximum power density linearly decreased with the increase of internal resistance, resulting from the change of the conductivity of the solution. The decreased conductivity boosted the internal resistance and consequently limited the power generation. COD removal as high as 90% could be achieved with leachate extracted from appropriate evolutionary stages, with a maximum energy yield of 0.9 kWh m ˗3 of leachate. This study demonstrated the importance of the evolving leachate quality in different evolutionary stages for the performance of leachate-fed MFCs. The leachate extracted from acidogenesis and acetogenesis were optimal for both COD reduction and energy production in MFCs.
Introduction
The production of municipal solid waste (MSW) is an inevitable consequence of human life. As reported by the US Environmental Protection Agency (USEPA), a total amount of about 258 million tons of MSW was produced in the United States in 2014. Although an increased portion of MSW was recycled or combusted with energy recovery, about 136 million tons (equivalent to 52.6%) was discarded in landfills (USEPA, 2016) . Leachate generated with the decomposition of MSW in landfills is recognized as one of the most significant problems associated with landfills due to its variable characteristics that are affected by landfill age, waste composition, and seasonal weather variation, etc. (Kulikowska and Klimiuk, 2008) . Typically, landfill leachate is either treated on the landfill site or transported and treated in municipal wastewater treatment plants before being discharged to receiving waterbodies (Christensen and Kjeldsen, 1995) . Owing to the complex composition and high organic content, landfill leachate treatment is a big challenge. Microbial fuel cells (MFC) are being explored as a sustainable alternative technology for landfill leachate treatment (Galvez et al., 2009) . Besides organic removal, energy generation is also possible due to the ability of MFCs to directly convert the chemical energy from a wide range of organics (contained in the landfill leachate) to electrical energy using exoelectrogenic bacteria (Cetinkaya et al., 2016; Ozkaya et al., 2013; Puig et al., 2011) .
In one typical dual-chambered MFC, the anodic chamber and the cathodic chamber are separated by a semi-permeable proton exchange membrane (PEM). Organic substrates are anaerobically oxidized to CO 2 and H 2 O, during which electrons are released. In the presence of electrochemically active bacteria that have electrochemically active redox enzymes, such as cytochromes on their outer membranes, the electrons are transferred to the cathode via an external circuit, thus producing an electric current (Logan, 2008) . Typical electrochemically active bacteria include Shewanella putrefaciens, Aeromonas hydrophila, etc. (Logan, 2009) . Meanwhile, the protons in the anodic chamber diffuse to the cathodic chamber, where they combine with O 2 and the electrons released from the cathode to form water (Rabaey and Verstraete, 2005) . The performance of MFCs depends on several factors, including substrate type and concentration, microbial genus and activity, electrode material and surface area, ionic strength, pH, and MFC design .
Prior landfill leachate treatment using MFCs focused on the production of electricity from "young" landfill leachate because of the availability of biodegradable organics. In recent years, more and more modern landfills are operating as bioreactors to shorten the time required for landfill stabilization and improve the leachate quality. For landfills to operate as biofilters, leachate is recirculated back to the landfill, during which time the organics of the leachate can be decomposed inside the landfills (Sun et al., 2014) . Leachate recirculation increases the moisture content in the controlled bioreactor system and provides the distribution of nutrients and enzymes (Francois et al., 2007; Pohland, 1975; Tittlebaum, 1982) . At the same time, leachate recirculation stimulates the organic release from the municipal solid waste, which counteracts the organic reduction by decomposition in the landfill leachate. Typically, leachate evolution can be divided into stages known as hydrolysis, acidogenesis, acetogenesis, methanogenesis, and maturation (Francois et al,. 2007 ). In this research, the simulated landfill leachate was treated by dual-chambered MFCs. We hypothesized that leachate recirculation led to variable leachate quality, resulting in different MFC performance. The performance of the MFCs was evaluated in terms of organic removal, power density, power generation duration, internal resistance, and coulombic efficiency. It was discovered in this study that the leachate extracted from acidogenesis and acetogenesis led to the most organic removal, power density, and power generation duration, as well as the lowest internal resistance and better coulombic efficiency.
Materials and methods

Bench-scale synthetic leachate bioreactor
Three acrylic cylindrical bench-scale synthetic leachate bioreactors (15.2 cm ID × 45.7 height) ( Figure 1) were constructed for the simulation of laboratory landfill operation and leachate generation. Acrylic cement was used to seal all permanent joints. The top of the reactors was sealed using a rubber ring gasket coated with a thin bead of 3-in-1 oil on both sides, and clamped together with 0.64 cm stainless wing nuts. A 5.6 cm layer of gravel was placed at the bottom of the reactors as the support to provide drainage and prevent clogging of the effluent valves. A 3.1 cm layer of sand was added to the top of the solid waste, which also functioned as the liquid dispersion layer.
Sand and gravel layers were separated from solid waste with a synthetic geotextile, which further prevented clogging and migration of the solid waste into and out of the sand and gravel layers. The reactors had two-way and three-way valves (Cole Parmer, Chicago, IL), providing flow control and access for liquid sampling. The reactors were also equipped with gas-tight sampling valves (Valco Instruments, Houston, TX) for headspace gas sampling. The laboratory landfill bioreactors were loaded with a mixture of 252.5 g office paper, 50.1 g cardboard, 96.2 g yard trimmings, 159.7 g carrots, 206.2 g lettuces, and 348.8 g tomatoes. Before thoroughly mixing, office paper and cardboard were shredded into 0.5 to 2 cm pieces, and yard trimmings and food scraps were cut into 1.25 to 2.50 cm chunks. The lightly compacted stack was finally 35 ± 0.5 cm in height, leaving a headspace volume of approximately 1.8 L. The reactors were inoculated with inocula derived from an existing laboratory bioreactor. 2 L of artificial rainwater was sprayed into each of the three bioreactors and then recirculated continuously at a flowrate of 12 mL min ˗1 to simulate landfill operation, which produced leachate while maintaining the moisture of loaded materials. The artificial rainwater had a composition of 0.420 µM MgSO 4 , 0.425 µM K 2 SO 4 , 0.635 µM CaSO 4 , 0.235 µM CaCl 2 , 0.540 µM NaCH 2 COOH, 3.070 µM NH 4 NO 3 , 1.220 µM NaCl, 0.560 µM HNO 3 , and 0.800 µM HCl (Koch et al., 1986) . During the experiment, one bioreactor was designated to provide leachate to the MFCs for further treatment. The other two bioreactors were running in parallel. For every ten days of recirculation, 250 mL of the collected leachate from the bioreactor designated for the MFC treatment was introduced to the MFCs, except for the first sampling at the fifth day of recirculation. The remaining leachate, together with 250 mL of the collected leachate from the two parallel bioreactors (125 mL from each) was recirculated to the MFC-designated bioreactor to maintain the same liquid volume of the recirculation. The other two parallel bioreactors just recirculated their remaining leachate respectively. Notably, due to the absence of toxic substances (e.g., heavy metals and toxic organics) and the negligible level of the inhibitory chemicals (e.g., ammonia, chlorines, sulfates, etc.), the synthetic leachate in this study is less complex and more biodegradable, and therefore more favorable for better MFC performance than landfill leachate in practice.
The collected leachate was analyzed for chemical oxygen demand (COD) and volatile fatty acids (VFAs) in terms of acetate, propionate, and butyrate after being filtered through a 0.45 µm membrane filter (Millipore Co., Darmstadt, Germany). COD measurements were conducted by the dichromate method using the Hach reagent (Greenberg et al., 1992) . The VFAs were separated using a Agilent Hi-Plex H column (7.7 x 300 mm, 8 µm) at 50 o C and quantified via high-performance liquid chromatography (HPLC) (Agilent 1200, Santa Clara, CA) and a refractive index (RI) detector with a mobile phase of 0.1 M H 2 SO 4 at a flow rate of 0.6 mL/min. The gas was extracted and analyzed using gas chromatography (GC-2010 Plus, Shimadzu Co., Kyoto, Japan) for CH 4 , CO 2 , and H 2 . Helium (He) at a flow rate of 70 mL/min was used as the carrier gas. A micropacked ST column was used for the analysis of the injected gas samples with a split ratio of 5:1. The column temperature was programmed to be 35 o C for 2.5 min and 270 o C for 5.42 min, with a temperature increase rate of 20 o C/min from 35 o C to 250 o C and 15 o C/min from 250 o C to 270 o C. The pressure was programmed to be 250 kPa for 2.5 min and 400 kPa for 7.5 min, with a pressure increase rate of 15 kPa/min. The injection port temperature was set at 150 o C while the detector temperature was at 280 o C.
MFC construction and operation
A dual-chambered MFC with a working volume of 250 mL was constructed from two media bottles (310 mL, Chemglass, Vineland, NJ), which were joined by a glass bridge with a PEM (Nafion 117, Dupont Co., Wilmington, DE) (Figure 2 ). The effective cross-sectional area of the PEM was 8.0 cm 2 . The PEM was conditioned by boiling in 30% H 2 O 2 solution, followed by rinsing in 0.5 M H 2 SO 4 and deionized water, each for one hour. The conditioned PEM was stored in deionized water until usage (Liu et al., 2004) . The anodic and cathodic electrodes were made of carbon cloth (5 cm × 5 cm, Fuel Cell Store Inc., College Station, TX). The anode was pretreated using a high temperature ammonia gas and the cathode was coated with a Pt catalyst (0.5 mg cm ˗2 of 10% Pt, De Nora North America Inc., Painesville, OH) on one side (Cheng and Logan, 2006) . Both the anodic and cathodic electrodes were soaked in deionized water for 1 day before the experiments. A copper wire was used to connect the electrodes with a 1000 Ω external resistor (Elenco Eletronics Inc., Wheeling, IL). Nonconductive epoxy (Loctite, Henkel Co., Cleveland, OH) was used to seal all exposed metal surfaces. The anodic chamber was also equipped with a one-direction tube connected to a degassed Teflon bag for pressure release.
During the experiments, the autoclaved anodic chamber was inoculated with the culture from an existing leachate-feed aircathode MFC, whose inocula were cultured following the method described in Logan (2008) . The anodic chamber was maintained anaerobically and was continuously mixed using a magnetic stir bar at 150 rpm. The cathodic chamber was filled with electrode solution (phosphate buffer, 0.2 M, pH 8.0) and was sparged with air to provide dissolved oxygen to the cathode. The MFC was run in batch mode at room temperature (26 ± 1 o C) to treat the leachate extracted at 5, 15, 25, …, and 95 days of recirculation, respectively. One specific MFC was prepared for each sample of leachate. The MFC experiments were conducted in triplicate, including the leachate generation.
Throughout the experiments, 1 mL of the solution from the anodic chamber was periodically extracted for the analysis of COD and VFAs as described previously. The gas produced in the anodic chamber was periodically extracted using a GC syringe (Hamilton 1700, Reno, NV) through a port safeguarded by a septum to prevent gas leakage and oxygen intrusion, and analyzed in terms of CH 4 , CO 2 , and H 2 as described above.
The current (I) and voltage (V) across a 1,000 Ω resistor (R ext ) were automatically measured and recorded every hour using a multimeter with a data acquisition system (2700, Keithley Inc., Cleveland, OH). The power (P = IV) was subsequently calculated and then normalized to the total cross-sectional surface area of the anode (25 cm 2 ) to obtain the power density. The Coulombic efficiency (CE) for the batch mode systems, which is equal to the ratio of the total coulombs calculated by integrating the current over time to that of the theoretical values based on the measured where ∆COD is the COD consumption for the batch mode system at time t b , F is the Faraday's constant, v an is the liquid volume in the anodic chamber, and I is the current.
Results and discussion
Organic degradation and release in bench-scale synthetic leachate bioreactors
Allthree bench-scale synthetic leachate bioreactors were simultaneously operated for 100 days under the same laboratory conditions. COD and acetate, propionate, and butyrate concentrations, as well as CH 4 generation of the bioreactor designated for MFC feeding, are illustrated in Figure 3 . As shown in Figure 3 , with the recirculation, the leachate COD increased rapidly to 15,018 ± 115 mg L ˗1 after 10 days and peaked at 16,802 ± 496 mg L ˗1 on day 35. Afterwards, the leachate COD decreased gradually. After 100 days of operation, the COD dropped to 1598 ± 22 mg L ˗1 . Similar patterns were observed for acetate, propionate, and butyrate. The highest acetate concentration of 5591 ± 347 mg L ˗1 was observed on day 25, while a maximum of 3582 ± 45 mg L ˗1 was observed for propionate on day 35. The butyrate concentration stayed relatively low during the experiment with a maximum of 253 ± 15 mg L ˗1 detected on day 15. Theoretically, one electron equivalent weight (eeq, the weight of a substance to release one electron) of acetate, propionate and butyrate is 10.75, 12.21 and 7.1 g, respectively, which corresponds to 8 g of COD. Consequently, 1 mg L ˗1 of acetate, propionate and butyrate corresponds to 0.74, 0.65 and 1.12 mg L ˗1 of COD. The COD contributed by these three VFAs achieved 6453 ± 312 mg L ˗1 on day 25 and decreased to 328 ± 18 mg L ˗1 on day 100. Among these three VFAs, acetate dominated in the first 50 days, which was then surpassed by propionate on day 55. The ratio of COD contributed by the three VFAs to the total COD fluctuated at the beginning of the experiment, but exhibited a descending trend overall. On day 25, the highest ratio of VFAderiving COD to total COD was observed, which was mainly contributed by acetate. Minimal CH 4 was generated until total COD started to decline, after which the CH 4 production increased sharply to reach a peak value of 5856 ± 127 mmol m ˗2 d ˗1 (it should be noted this was normalized by the top area of solid waste) and then decreased with the progress of the experiment. At the end of the experiment, CH 4 generation was 3448 ± 138 mmol m ˗2 d ˗1 .
During the initial bioreactor reaction and recirculation, the leachate COD increased because the organics were released from the solid waste owing to the hydrolysis of organic components besides degradation. It was obvious that the organic degradation was shadowed by the release at this stage. Between days 10 and 40 of the experiment, the organic degradation and release were comparable. After day 40, the organic degradation dominated over release, which was also supported by the corresponding CH 4 production. At the initial stage with the dominating organic release, hydrolysis, acidogenesis, and acetogenesis dominated over methanogenesis, leading to the increased accumulation of organic acids in the reactor, as evidenced by the decrease in pH from 7.18 at day 1, to 6.05 on day 30 (Christensen & Kjeldsen, 1995) . As described by Zehnder et al. (1982) , butyrate, propionate, and acetate were the typical products of the acidogenic reactions.
Power generation from the synthetic leachate
Variable power generation in the MFC was observed for the leachate from the bench-scale landfill bioreactors when extracted from different stages of evolution after different days of recirculation (Figure 4) . The longest operation time of 463.3 ± 5.1 h was observed for the leachate extracted from acetogenesis on day 35 of recirculation in the bench-scale bioreactor; the shortest operation time of 42.0 ± 2.6 h was observed for the leachate sampled during the maturation stage after 95 days of recirculation. The operation time of the MFC was counted from the time of leachate injection until the time when the generated voltage was below 0.010 V. In this batch study, the MFCs fed with leachate of either hydrolysis (< 5 days) or methanogenesis (> 45 days) had a significantly shorter operation time than those of acidogenesis and acetogenesis. The operation time was found to correlate with both the total COD and the COD equivalent of the VFAs (Figure 5(a) ). The correlation with the COD equivalent of the VFAs (R 2 = 0.988) was more pronounced than that of the total COD (R 2 = 0.966).
High concentrations of substrate inhibited CE (Liu et al., 2005) , and therefore, the increase in COD from 15,018 to 16,801 mg L ˗1 (during acidogenesis and acetogenesis) caused the drop of CE from 19.69% to 16.95%. It should be noted that CE is also dependent upon the biodegradability of the leachate. For instance, after the initial cycle, leachate derived the lowest CE (14.12%) even though its initial COD (3188 mg L ˗1 ) was significantly low. This was because of the poor biodegradability of the leachate at the initial stage before hydrolysis and acidogenesis. With increased biodegradability through hydrolysis and acidogenesis, the leachate after 35 days of recirculation had the highest CE as the substrates during acetogenesis were deemed to be the most biodegradable. Nevertheless, the high internal resistance prevented the CE from further rising. The competition among these three factors resulted in the fluctuation of CE in the MFCs fed with leachate of methanogenesis and maturation. In this research, the power density (that was normalized by anodic electrode surface area) was found to be in the range of 163.8 ± 1.9 mW m ˗2 to 225.7 ± 1.1 mW m ˗2 , which exhibited a Monod-type kinetic model with a COD equivalent of the VFAs
Where P is the power density, P max is the maximum power density, and K S is the half-saturation constant. The power density data as a function of COD equivalent was simulated against equation (2) (Figure 5(b) ) using an implicit, finite-difference scheme. All the parameters were optimized by minimizing the sum of the squared differences between observed and fitted results using the nonlinear least-squares method. Consequently, P max and K S were determined to be 229.03 mW m ˗2 and 139.37 mg L ˗1 (R 2 = 0.998, p-value < 0.001). According to equation (2), the power generation increased with the increase of the COD equivalent of the VFAs at low concentrations. After a threshold, further increase of the COD equivalent of the VFAs did not lead to an obviously increased power generation. In this study, when the COD equivalent of the VFAs was beyond 2000 mg L ˗1 , there was no obvious power density increase. The power generation by acetate was 25% higher than that by propionate (Oh and Logan, 2005) and up to 66% higher than that by butyrate (Liu et al., 2005) . In this research, the percentage of acetate in the VFAs decreased from 74.8% to 22.9% as the leachate recirculated and degraded towards maturation. In the meantime, the percentage of propionate in the VFAs increased from 16.6% to 72.9%, while the percentage of butyrate fluctuated but remained low (between 1.9% and 8.4%). Consequently, the highly circulated leachate of the maturation stage showed a notable drop in power generation.
The flow of electrons to cell growth was not sensitive to the evolving leachate quality resulting from the recirculation-boosted evolution (Figure 6 ). However, the CE decreased with the increase of leachate recirculation. CE was directly linked to the electron transfer in the circuit. Since the CE was relatively low (14.12-19.69%), there was a possibility that electrons released from organic oxidation were consumed in non-electricitygenerating pathways. One possibility was electron consumption by methanogenesis in the anodic chamber. By calculating the accumulative production of CH 4 in the anodic chamber, it was estimated that 6.09% to 13.27% of electrons went onto CH 4 production.
COD removal and energy production
After the treatment in the MFC reactors, the final COD reduced significantly as compared to the initial COD for all leachate samples from different stages of evolution (Figure 7(a) ). The COD removal increased from approximately 65% to 90% with the increase of recirculation days as the evolution went from hydrolysis towards maturation (Figure 7(b) ). The time to achieve these COD removals ranged from 1 day to about 20 days, depending on the initial COD level of the feeding leachate. Energy production from the leachate reached the peak value of 0.901 ± 0.059 kWh m ˗3 at day 25 of recirculation, and gradually decreased to as low as 0.032 ± 0.012 kWh m ˗3 with the leachate that underwent more recirculation cycles (Figure 7(b) ). This observation was consistent with that of Kelly and He (2014) . They used MFCs to treat cheese wastewater and reported a COD removal of above 80% and a maximum energy production of 0.88 kWh m ˗3 . The more desirable results of this study result from the less complex and more biodegradable nature of the synthetic leachate. From this research, the results demonstrated that the leachate extracted from acidogenesis and acetogenesis led to the optimal MFC treatment performance in terms of COD removal (> 80%) and energy production (> 0.86 kWh m ˗3 ). Under these treatment conditions, the theoretical net benefit in terms of energy production is more than 0.1 kWh m ˗3 if air pumps of 15 GPM (120 V, 2.1 A) are used for air sparging. This means the system would require no energy input, but rather produce energy. Hence, the added benefit of energy generation of full-scale applications of MFC for the treatment of landfill leachate is an attractive alternative to the current conventional treatment means.
The initial pH of the leachate gradually increased from below 6 to around 7 with the different evolutionary stages (Figure 7(c) ). The slightly increased pH of leachate extracted at methanogenesis and maturation correlated with the increasing COD removal attributed to the decomposition of readily biodegradable organics such as VFAs (He et al., 2008) . At the same time, electrical conductivity varied with the evolving leachate quality in a similar pattern as that of the power production (Figure 7(c) ), which was due to the accumulation or depletion of soluble organic acids in the synthetic leachate. High electrical conductivity is reported to favor the power generation in MFCs (Liu et al., 2005) . After MFC treatment, the treated leachate had a higher pH and lower conductivity. The increase of pH and the decrease of conductivity of the treated leachate correlated with the energy yield in each MFC (Figure 7 soluble organics in the anodic chamber. Unlike real landfill leachate, the continuously recirculated synthetic leachate in this study had no significant amount of ammonia (< 1.5 mg N L ˗1 ) or sulfate (< 7.8 mg L ˗1 ), as monitored following Hach Method 10031 and 10248. No inhibition was observed in this research since the half-maximum effective concentration for ammonia was reported to be 10 mg N L ˗1 (Nam et al., 2010) and sulfate at 20 mg L ˗1 (Yi and Harper, 2009 ).
Polarization characteristics
The polarization curves were generated by measuring the stable voltage under changing external resistance (5-50,000 Ω) conditions and were plotted in terms of power as a function of current. The internal resistance (R int ) of the MFC was estimated using the method previously described by Pandit (Pandit et al., 2011 ). An example polarization curve generated based on the duplicated MFC performance using the leachate sampled after five days of recirculation is presented in Figure 8 . In this case, the maximum power reached 0.531 mW at a current of 1.45 mA with an external resistance of 250 Ω, corresponding to a maximum power and current density of 212 mW m ˗2 and 583 mA m ˗2 . The internal resistance (R int ) was calculated to be 687 Ω, nearly three times the external resistance (250 Ω) when maximum power was generated.
In this study, the maximum power density obtained by the leachate from five days of recirculation was higher than those of rice straw (146 mW m ˗2 ) and xylose (38 mW m ˗2 ) (Hassan et al., 2014 , but smaller than those of food processing wastewater (371 mW m ˗2 ) (Oh and Logan, 2005) and municipal landfill leachate (900 mW m ˗2 ) (Ozkaya et al., 2012) . This difference in power density generation indicated the importance of carbon sources on the power generation. For instance, 1 eeq of acetate (7.38 g) would release 27.40 kJ of energy when totally oxidized. Thus 1 g acetate can generate 3.71 kJ of energy. For propionate, 1 g can generate 4.34 kJ of energy. The lower power density could also be a consequence of the higher internal resistance, due to the physical constraints of the MFC. In this research, it was demonstrated that the maximum power density linearly deceased with the increase of internal resistance (Figure 9 ). The internal resistance variation was attributed to the change of the conductivity of the solution. The decreased conductivity boosted the internal resistance and consequently limited the power generation. Longer distance between the electrodes and smaller surface area typically decreased the power density of MFCs (Ghangrekar and Shinde, 2006) and electrode materials and wire connections could also make a difference (Logan, 2008) . The internal resistance of a dual-chambered MFC can be lowered by increasing the crosssectional surface area of PEM and changing the relative size of electrodes (Oh and Logan, 2005) .
Conclusion
This study demonstrated that the evolving leachate quality in landfills operating as bioreactors played an important role for the performance of leachate-fed MFCs. The leachate extracted from different stages of evolution had various leachate characteristics, which in return led to variation in power generation, energy production, and COD removal. It was discovered that the leachate of acidogenesis and acetogenesis could generate the most power using MFCs. At the same time, long operation hours, low internal resistance, high CE, good COD removal (> 80%), and considerable energy production (> 0.8 kWh m ˗3 ) could be achieved. The high internal resistance was considered to be the main reason for electron loss. The cell growth was found to be not sensitive to the variable leachate quality in this research. 
